ABSTRACT: Cellulose nanofiber films (CNFF), were treated via a welding process using ionic 
4 acetate [OAc] anions are widely used for cellulose dissolution 28 . Chloride-containing ILs solubilize cellulose through the establishment of hydrogen bonds; meanwhile, for ILs containing acetate anions the hydrogen bonding is accompanied by the conjugation of cellulosic reducing ends (at C2 for imidazolium cation); therefore, the anion and cation have shown to possess a synergistic effect [27] [28] [29] [30] [31] . The more basic acetate containing ILs reacts with oligocellulose reducing end groups to a much greater extent than the homologous ILs containing the chloride anion, suggesting that this reaction is likely dependent on the basicity of the anion 32 . This analysis conducted our attention to the basic ILs [DBNH] [OAc], [DBNH] [CO2Et], these ILs with high volatility, suggest an affordable new generation of ionic liquids that are both capable of dissolving cellulose and recyclable by distillation 29, 33 .
In the present work, cellulose nanofibres are treated for the first time with ILs. The welding procedure is applied to aim the mechanical properties enhance and promote nanocellulose surface patterning. Even though some previous works report the welding surface treatment for natural and cellulose-based fibers and films 18, [22] [23] [24] 26 and more recently the use of ILs for improving transparency and mechanical performance in microfibers and papers based materials 34, 28 , the present work presents the treatment of nanofibrillated surfaces using distillable ILs; these ILs in contrast to the traditional ILs can be recyclable by distillation with recoveries and purities over 99% 29, 36 . Distillable ionic liquids are ILs that can be recovered by distillation. This approach takes advantage of the IL recyclability and additionally as it is shown in the following results, the treatment only occurs at the surface level, since it acts over a nanofibrillated structure that is supposed to be more packed and densified compared to that in microfibrillated materials. The ILs tested were not able to penetrate in the structure of nanopaper, thus avoiding the modification of the films at the bulk level and therefore avoiding the capture of IL molecules inside the fibrillar network, placing those molecules only onto the surface where they can be easily removed. As a consequence, the washing process is simplified to a couple of washing steps, guaranteeing the absence of ILs, an essential aspect, especially if these materials are thought to be used in the food industry applications. ability to dissolve cellulose, low cost and potential for recycling by distillation 29, 36 . It is important to notice that even though there are several works reported on welding, the welding process has been widely reported for macrofibres (papers, fabrics) using [emim] [OAc] [18] [19] [20] [21] , thus, this IL was used for comparison purposes. The impregnation and diffusion behavior of ILs into individual CNFFs were characterized using optical microscopy, contact angle (CA), scanning electron microscopy (SEM), Fourier-transform infrared (FTIR) spectroscopy, ultraviolet-visible (UV-Vis) spectroscopy, nuclear magnetic resonance (NMR) spectroscopy and X-ray diffraction (XRD) measurements. The mechanical performance of individual impregnated films was tested using a tensile tester.
MATERIALS AND METHODS
Films production. Birch kraft pulp (BKP) from a Finnish pulp mill (UPM, kappa number 1; DP 4700; fines-free) was microfluidized (6 passes at The system used for CNFF preparation is analogous to the system used for paper sheet preparation. After dilution, the sample was agitated vigorously in a magnetic stirrer (12 hours), sonicated three times for 5 minutes, each at 30% power amplitude inside an ice bath (Branson Digital Sonifier, Branson Ultrasonics Sonifier™ S-250D Digital Ultrasonic Cell Disruptor/Homogenizer), filtered in a home-made filter, as it is shown in Figures S2a-S2d.
The filter, integrated by a tripod chamber (inner diameter of 12 cm, height 8.5 cm) allows for the preparation of the hydrogel cake, after air pressure filtration at 4 bar,1.5 h (see Figure Sa2 , see the supporting information). The hydrogel-like cake was obtained above the filters (see Figure   Sa2b ). Figure Sa2c , between two aluminum plates each side composed as follows: three layers of strawboard, four layers of regular bond paper, one layer of SEFAR NITEX® fabric, code: 03-1/1 and one membrane filter on top (the same filter used for filtration). After the filtration, the cake was hot pressed in a Carver Laboratory Press 18200-213 ( Figure Sa2d ) made by Freds. Carver Inc.
Hydraulic equipment, NJ, USA. The samples were hot pressed (2kN/cm 2 , 100 o C, 50 min), obtaining circular films with a diameter of 120 mm and thickness around 50 m. As it is shown in Figure Sa2b (see the supporting information), the films prepared exhibited the characteristic translucency of films composed by nanofibers 37 . Films welding. The welding procedure consists of four basic steps: 1) impregnation with respective IL, 2) hot-press activation, 3) washing (to remove IL), and 4) hot-press drying (see Figure 1 ). 
UV-Vis.
Transmittance experiments were conducted in a wavelength range of 300 nm until 800 nm with a resolution of 1 nm using the UV-Vis spectrophotometer Cary 5000 UV-Vis-NIR Spectrophotometer, Agilent Technologies, USA. The transmittance was measured at three different positions on the sample (1.5 cm1.5cm CNFFs) being the final transmittance, the average transmittance of those measurements.
Scanning Electron Microscopy (SEM).
Surface morphology of the CNFFs was assessed using SEM (ZEISS SIGMA VP, Germany). Before imaging, samples were vacuum dried for 18 h overnight and subsequently sputtered with an ~ 7 nm Au/Pt layer (Emitech K100X). The images were analyzed using ImageJ 42 .
Atomic Force Microscopy (AFM).
The CNF morphology used for CNFF preparation was analyzed using AFM (Digital Instruments Multimode Atomic Force Microscope, Bruker, UK).
The samples were deposited on a silica wafer and analyzed at room temperature ( The crystallinity analysis of the CNFFs was performed according to literature procedures [43] [44] [45] . Table Sa2 (see the supporting information) shows the diffractometer angles for cellulose I and II
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with their respective Miller indices. This information was used to identify which peaks were present to decide upon the deconvolution procedure. The deconvolution procedure was initially performed using fityk 46 curve fitting and data analysis software. Gaussian functions were fitted, later the graphing and data analysis software Origin®, OriginLab (Licensed by Aalto University, Espoo, Finland), was used for further plotting and calculations procedures. The crystallite size(Å), perpendicular to the lattice planes for cellulose I was calculated by the Scherrer equation 47 .
Where K is the Scherrer constant (0.94), is the wavelength of the X-ray radiation (1.54059 Å), and  is the FWHM (Full width at half maximum) of the diffraction peak in radians, and  is the diffraction angle of the peak.
The Segal crystallinity index (CI), was calculated according to the following equation 48 :
Where It is the total intensity of the (0 0 2) peak for cellulose I and Ia is the intensity assigned to the amorphous cellulose. [51] [52] [53] . In addition, the IL welded CNFFs have changed their UVVis transmittance, suggesting that in some cases, IL might also remain attached to the films.
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Therefore, it is necessary to apply suitable analytical methods to monitor the removal of the IL. In this case, the CNFF chemical compositions were assessed using FTIR, as a rapid technique and a novel liquid-state NMR method involving the dissolution of the films into IL electrolyte solution 49 , and XRD measurements. Figure 2 shows the FTIR spectra of the untreated and IL welded sample. Table Sb1 (see the supporting information). The 2D peak assignments are entirely consistent with those for the 1 H experiments (Figure 3 ).
Surface morphology. Samples were first photographed using a Canon 700D camera equipped with a Canon MP-E 65mm f/2.8 1-5x macro lens at full magnification and backlight illumination. (Figure 4 ). This patterning is produced by the plasticization of the surface depending on the IL type, as it was revealed in the optical microscopy images. Samples with dimensions of 5cm x 5cm and thickness = t were analyzed with the optical microscope, and SEM (see Figure 5 ). It is important to point out that the untreated samples were processed the same way as the treated samples but in the absence of ILs. (Figure 5b ) the increment was only ~8%. This behavior might be due to the increased surface roughness brought about the template of SEFAR NITEX® Fabric. These results suggest that the welding procedure was sufficient to partially swell the cellulosic material, at least at the surface, creating a thicker and patterned film that visually looked more transparent (see UV-Vis total transmittance results in Figure 6 ). Despite their larger thickness, the total transmittance data suggest that all welded films resulted in higher transparency (Figure 6b-6e ). In the case of the DBN-based ILs, a slight yellowing occurred (see Figure 6c , 6e), which should reduce the total transmittance according to the Rayleigh formalism for scattering in non-absorbing materials, assuming that all samples have the same refractive index 60, 61 . This increased transparency is likely due to the surface swelling. IL
[emim][OAc] is best for the dissolution of cellulosic materials 29, 62 and produced more transparent films (Figure 6d ), therefore the significant transparency might be the result of mobilization of the cellulose nanofibers and plasticization at the surface level, reducing the light scattering on the surface and increasing the band gap of the film. It is possible to evaluate the visible-shielding ratio (VR) and the UV-blocking ratio (UVR) as the absolute difference between the transmittance of welded films and untreated films, at the wavelengths of 300 nm and 550 nm respectively 63 . Table   1 , summarizes the VR and UVR results. [emim][OAc]-treated films reach a maximum value of around 450 nm, after this, the transmittance decays, reaching similar value to that of the untreated CNFF at 800 nm. This observation might be explained by the stronger effect that this IL has on the CNFF surface, producing better-defined 21 patterns (see Figure 5d ) that might have an effect on the transmittance of the material at high wavelengths. Also, the formation and retention of chromophores during pressing, in the case of [emim] [OAc], is another possible explanation. Changes in surface morphology can also affect other properties, such as wettability, to examine this, water contact angles were measured ( Figure   7 ).
Figure 7.
Static water contact angle (WCA, s) for films welded with ionic liquids. Sample marked as CNFF corresponds to the reference, unwelded sample Figure 7 reveals that all samples present lower WCA s than that for untreated CNFF reported in the literature 11 and our reference (CNFF in Figure 7 ). The welded films exhibiting higher transparency have a lower WCA, a phenomenon that is related to the plasticization of cellulose on the film surfaces allowing for morphology changes. The change in WCA may also be related to changes in the film composition, e.g., with additives or the presence of residual IL. These aspects are further investigated.
For the comparison and analysis of the welding procedure using different substrates and IL types, two materials are taken as reference: a) Polyvinyl alcohol (PVA, 10 % w/w in water), which has been used widely as a reinforcement polymer and additive for improvement of mechanical and barrier properties of cellulose film materials [64] [65] [66] , b) Filter paper (VWR ® particle retention 12-15 m) was used to determine the effect on macrofibers during the welding procedure. The morphology of the welded CNFFs and filter papers were followed through SEM (Figure 8 ). (Figure 8c) , it is possible to observe complete plasticization on the film surface and related patterning of the surface, during the hot activation step using the porous SEFAR NITEX ® fabric. The patterning on the CNF surface is due to softening of cellulose fiber on top of the film during the welding procedure. These fibers then extrude into the pores of the filter. This extrusion also adds extra thickness to the film, (see Figure 5 ). When the welding procedure is carried out on the filter paper (Figures 8d-8f ) it is possible to observe a similar texturing of the surface, with the difference that film thickening does not occur. Since the fibers in the filter paper are larger, with much more complex morphology and entanglement than the mechanically-fibrillated fibrils, the surface softening decreases the void spaces on the surface, but extrusion of the fibres into the filter pores is prevented (Figure 8f ). The welding reduces the thickness from 214±11 m (Figure 8d respectively. In these cases, the IL yielded a more compact surface for macrofibers (filter paper) and patterned surfaces for nanofibers (CNF), see Figure 9 . 33 , and it was mixed with 5% w/w of gamma-valerolactone (GVL) an effective reported co-solvent for biomass dissolution 67, 68 . The welding dipping procedure was performed with the mixture at room temperature. In this case, the immersion temperature of CNFF into the IL seems to play an essential role in the plasticization process. On the other hand, as mentioned previously, the cation plays a synergistic effect on cellulose dissolution. When the side chain length of alkyl groups or the symmetry of cations increased, the dissolution rate of cellulose in ILs decreased, because of the increase of viscosity and the decrease of H-bond acidity 27, 33 Mechanical and barrier properties. Nanocellulose films are formed by the collapse of fibers dissolved in aqueous media. Thus, highly packed structures are formed with high mechanical performance, theoretically with a similar mechanical performance to steel 69 . All the samples showed a fracture of the fragile type, with an almost perfect horizontal fracture line. In Figure 10 ,  represents the tensile stress and  the tensile strain. The mechanical properties of the different samples are summarized in Table 2 . The CNFFs present excellent mechanical
properties, compared to those reported in the literature for similar films. For example, Qing 14 
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reported films with a maximum Young´s modulus of 4.84 ± 0.12GPa, corresponding to a formulation of CNF with 15% of phenol formaldehyde resin. In our study, the CNFFs reached values of 7.2 ± 0.1GPa for the unmodified films, and in the worst case, for the IL welded films, this value drops to 5.8 ± 0.1GPa. Similar behavior is observed by comparing stress at break, where the maximum value reported by Qing was 232 ± 22MPa compared to 294 ± 13MPa and a minimum of 265 ± 13MPa, obtained in the present study. In another study by Yano 70 an improved value over CNF films for the modulus is reported by the addition of 2% of oxidized starch. However, in the present study, improvement in the toughness of the CNFFs after the IL welding procedure is also observed ( Figure 11 and Table 2 ). In Figure 11 ,  represents the young modulus,  the tensile stress at yield,  the toughness and  the tensile strain at yield. Figure 11 compares Young´s modulus, tensile stress at yield, toughness and tensile strain at yield for all the samples studied. It is clear that the toughness increases in all the welded samples, from 24% to 31%, concerning the untreated CNFF. Nevertheless, not all the mechanical properties have improved. The toughness increases mainly because of the higher tensile strain, even though the modulus decreases between 14% to 20% for the welded films. In addition to the strength of the films, another expectation of nanocellulose-based films is the possibility to work as a barrier for gas and liquids, in the context of packaging 7 . Thus, OTR and WVTR were measured, Figure 12 shows the results. On the other hand, the welding process might be promising for improving the transport properties on macrofiber systems where there is more porosity (Figure 8f ), this will be the subject of further work.
On the mechanism of welding. Much evidence has been given showing that the fibers have been softened or plasticized to such an extent that they can be extruded into the filter pores and the properties of the films modified to varying degrees. However, the degree of swelling of the bulk film is not apparent from the previous measurements. As these types of ILs are known to dissolve cellulose, a suitable method for determining the degree of swelling or even dissolution is XRD, which monitors changes in crystallinity after removal of the ILs (Figure 13 ) additionally this peak increases when the XRD pattern is taken on transmission mode 44 . In general, the data shown in Figure 13 agrees well with the typical cellulose I polymorph.
The deconvolution method was used for decomposing the data to its different peaks contributions 37, 71 . Figure Sa3 (see the supporting information) shows the deconvolution of XRD pattern for CNF untreated films. The CNFF sample studied in Figure 13 , and Figure Sa3 agrees well with the pattern and deconvoluted Gaussian curves reported in the literature 43 . CNFF in this work presented a wide amorphous peak around 19,7 o , giving a crystallinity index value of 62 ± 0.5 %. Additionally, crystallite sizes for the (0 0 2) and (0 4 0) diffraction planes were calculated, see Table Sa3 (see the supporting information). The values are consistent with those reported in the literature 43 . From Table Sa3 it is possible to notice that there is no change in crystallite sizes after welding with IL.
CONCLUSIONS
Welding was performed on Cellulose Nanofiber Films (CNFF) by using Ionic Liquids (ILs): 1- (confirmed by liquid NMR), the welding process needs some substantial modifications to be used on barrier films synthesis, even though the aspects studied here contributes to the development of greener alternatives to synthetic polymers in related applications.
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